Ten normally hearing listeners used a programmable sone-potentiometer knob to adjust the level of a 1000-Hz sinusoid to match the loudness of numbers presented to them in a magnitude production task. Three different power-law exponents (0.15, 0.30, and 0.60) and a log-law with equal steps in dB were used to program the sone-potentiometer. The knob settings systematically influenced the form of the loudness function. Time series analysis was used to assess the sequential dependencies in the data, which increased with increasing exponent and were greatest for the log-law. It would be possible, therefore, to choose knob properties that minimized these dependencies. When the sequential dependencies were removed from the data, the slope of the loudness functions did not change, but the variability decreased. Sequential dependencies were only present when the level of the tone on the previous trial was higher than on the current trial. According to the attention band hypothesis [Green and Luce, 1974, Perception & Psychophysics] these dependencies arise from a process similar to selective attention, but observations of rapid adaptation of neurons in the inferior colliculus based on stimulus level statistics [Dean et al., 2005 , Nature Neuroscience] would also account for the data. [Supported by NIH] Published by
INTRODUCTION
Magnitude Estimation (ME) and Magnitude Production (MP) are the most commonly used methods for scaling experiments in loudness. In ME, listeners hear stimuli of different intensities and are asked to assign them numbers that represent the perceived intensities of the sounds. Inversely, in MP, the listener is given a number and asked to adjust the intensity of the sound so that its perceived magnitude matches the number provided. In experiments that involve MP, a rotating knob is commonly used to allow the listener to control the stimulus intensity and match its perceived magnitude or loudness to a given numerical value. Attenuation characteristics of the knob used have great impact on judgments made by a listener. For example, the listener's judgment could be biased if every quantum rotation on the knob produced a different amount of change in stimulus level. Stevens and Poulton (1956) investigated the bias produced by two different functions for mapping the volume control knob to tone level. They studied loudness ratio scaling with MP in untrained listeners, using two types of controls, a decibel (dB) attenuator and a "sone potentiometer." The dB attenuator knob provided 120 1-dB steps in its 360 degree rotation. The sone potentiometer was made using an electrical circuit that approximated Stevens's power law, so that equal rotations on the potentiometer roughly approximated equal differences in loudness. The knob was without any detents. They found that listeners tended to exaggerate the attenuation required for achieving one-half the loudness when adjusting level with a dB attenuator, but not with the sone potentiometer. Since the experiment of Stevens and Poulton involved halving and doubling of the perceived magnitude, an expectation of how the knob controlled perceived magnitude could have influenced judgments of their listeners. In other words, a listener could expect onehalf the perceptual magnitude to be about halfway between the current position and the threshold on the adjustment knob in use. If so, the adjustments made with a knob that had a linear relationship between rotations and change in physical level would tend to exaggerate the attenuation required to achieve a 50% reduction in the perceptual magnitude. Stevens (1956) and colleagues (Hellman Zwislocki, 1963; Hellman, 1981) promoted the use of a sone potentiometer that approximated the Steven's power law with an exponent close to 0.3 for sound intensity in studies of magnitude production, but the basic experiment was never repeated using a typical MP procedure where subjects adjust the level of a sound to match its loudness to the magnitude of a number given by the experimenter.
Another feature of ME and MP data is the presence of ubiquitous sequential effects. Measuring the correlation of the response on the current trial with stimulus and response on the previous trial quantifies the sequential effects. Some researchers have considered these effects as byproducts to be removed to achieve unbiased data (e.g. Stevens and Greenbaum, 1961; Hellman and Zwislocki, 1963; Poulton, 1968; 1979) , while others have considered sequential effects to be representing important features of the perceptual processes involved 1978; Ward, 1991) . Using a multiple regression analysis, Green et al. (1977) studied sequential effects in ME as well as MP in same listeners, and observed similar characteristics in both methods. In their data, the correlation between successive responses was large for large differences and close to zero for small differences. This characteristic did not change as a function of the levels or numbers used in their ME and MP experiments. Green and colleagues interpreted their results as indicative of attention bands for intensity, following the attention band hypothesis proposed by Green and Luce (1974) .
The purpose of this experiment was to test the effect of sone potentiometer properties on the slope of the loudness function and on the sequential effects observed in the data. Changing the exponent of the power function used to program a sone potentiometer knob essentially changes the stimulus step size each quantum knob rotation produces. The exponent that produces a progression of physical step sizes closest to the corresponding psychological step sizes might also produce the least variable data with the smallest sequential effects. These features of the data might therefore be used to select the best setting to be used in MP studies for loudness scaling.
METHODS
Listeners: Ten normally hearing inexperienced paid listeners participated in the experiment. All listeners had hearing thresholds of better than 20 dB HL at octave audiometric frequencies. All experimental procedures were approved by the institutional review board of Boys Town National Research Hospital.
The Knob: We used a commercially available programmable knob (Griffin PowerMate assignable USB multimedia controller) with continuous rotations without any detents. The knob was programmed so that it did not have a definite starting or stopping point. Once the listener had made a final level adjustment, the position of the knob was reset and the listener did not have to bring it back manually to its original position to start a new trial. The knob rotations generated alphanumeric values that were then read by the control program to make appropriate adjustments in the stimulus parameters. Procedure: A 1000-ms, 1000-Hz sinusoid with 100-ms onset/offset cosine-squared ramps was generated digitally using Matlab (MathWorks©) at a sampling rate of 44,100 Hz and 24 bits. Listeners were seated in a double-walled sound attenuated booth and listened to stimuli using Sennheiser HD25-II professional headphones. Signals were presented monaurally to the left ear. A number was presented on a screen, and the listener adjusted the level of the tone using the Knob described above. The tone repeated with 100-ms intervals between presentations, until the listener indicated that the loudness was proportional to the number.
A full rotation (360 degrees) on the knob produced approximately 100 steps. To keep the number of steps constant across conditions, the knob was programmed so that it took 100 steps to reach from the lowest (40 dB SPL) to highest (105 dB SPL) levels used in this experiment. Four knob-setting functions were used to investigate the effect of the assumed function on listeners' judgments. In three conditions, three power-function exponents were used: 0.15, 0.3, and 0.6. In the fourth condition, the knob was programmed as a linear attenuator, so that every quantum rotation produced an equal change in the level of the sound. The numbers used were multiples of 5 and 8 in a log series of 2. The lowest number in this series was 5 and highest number was 800. Each listener completed 3 blocks of 50 trials for each knob setting, resulting in total 150 trials per condition. The four knob-setting functions were presented in a random order across listeners.
Data Analysis & Results
Loudness exponents were obtained by linear least squares fits in power-law coordinates. The change in knob setting systematically influenced the resulting exponents of the loudness functions. Figure 1 (A) and (B) show data for two individual listeners. Mean data for ten listeners are shown in Figure 1 (C). An analysis of sequential effects assessed the extent to which a listener's response on the current trial depended on the previous trial. An ARIMA (1,0,0) model was applied to the time series of observations for each subject at each treatment level (knob setting). The first 1 implies that a lag 1 correlation of the response (level) was part of the modeling process; the remaining two 0s indicate that no differencing to produce a stationary process or moving-average terms were needed. Also the value of number was cross-correlated with level for each of the four conditions (exponents of 0.15, 0.30, 0.60, and linear). Figure 1(A) shows observed as well as corrected data for one listener. 1(B) shows the observed (raw) loudness functions for four knob settings, for another listener. 1(C) presents the loudness function exponents observed in the raw data, and after correcting for the sequential effects for all 10 listeners in the study. Error bars show standard error.
FIGURE 1.
"Corrected" loudness functions were constructed for individual listeners using predicted level values after removing the sequential effects from the ARIMA (1,0,0) model. Although the magnitude of sequential effect was different for different knob settings, correcting for sequential effects did not change the resulting exponent of the loudness function ( Figure 1C ).
DISCUSSION
In agreement with the results of Stevens and Poulton (1956) , these results present vivid evidence that the properties of the knob influence the properties of the resulting loudness function. The magnitude of sequential effects differed systematically with the knob functions we used. Sequential effects were greatest for the linear of log-law setting and smallest for the knob function based on the smallest exponent, 0.15. Correcting for the sequential effects greatly reduced the variability in the data, but did not change the exponent of the resulting loudness function. These results present a major confound for the use of MP in the sensory scaling experiments, as well as interpretation of the scaling data from those experiment. Although it seems reasonable to use a knob that has been programmed to be linear in loudness, the experimenter would not be able to do so in the absence of loudness data that the knob itself was being used to collect. Analysis of sequential effects might provide a way out of the circular logic because one could argue that the best knob function was one that minimized those effects.
Whether sensory scales are ratio scales remains a controversial topic. A recent study by Masin (2013) assessed whether humans utilize sensory ratios or use mental counting when making brightness scaling judgments.
In contrast to what has been promoted by S. S. Stevens and his colleagues, Masin (2013) found that humans could not utilize the sensory ratio information, but rather used mental counting in the brightness scaling experiments. Although Masin experimented in the visual domain, it is possible to generalize their results to an extent, to other sensory domains. This is supported by the findings of Ellermeier and Faulhammer (2000), who asked listeners to produce double and triple the loudness of the comparison tone. While listeners were able to produce 'double' loudness, yielding data that approximated a power function, they could not produce 'triple' loudness. While we need more work to understand whether humans use sensory ratio information, it is important to provide them with stimuli with the smallest step sizes possible so that data will contain less bias in case humans use mental counting to make judgments. Based on our analysis, the magnitude of sequential effects was the smallest for the knob setting with an exponent of 0.15. Such setting provides smaller step sizes and therefore less bias.
Attention Band Hypothesis
A theory of neural attention was first introduced by Green and Luce (1974) and Luce et al., (1976) to account for the variability in responses observed in ME experiments of loudness scaling. In contrast with arguments by Stevens (1956; 1957; 1961) that variability in magnitude scaling data was uninformative and only represented noise within a listener, they found systematic characteristics in the variability within their data. Luce and Green (1978) accounted for sequential effects in ME (Jesteadt et al., 1977) and MP , with an attention band hypothesis for intensity and frequency. They assumed an auditory attention mechanism for a band of intensities. The band varied in width and location, and was centered on the intensity presented on the previous trial. Neural representation of the signal intensity, if it fell within the attention band, was assumed to have a substantially large sample size than the signal intensity if it fell outside the attention band. They also suggested that some central process determines the differential monitoring of the peripheral neurons, forming attention bands. This simple framework provided an explanation for the systematic variability observed in their ME and MP data. For detailed discussion of the attention band hypothesis, readers are referred to Luce and Green (1978) and Luce et al. (1982) .
To assess the magnitude of sequential effects as function of the change in level from the previous to the current trial, we plotted the ratio of the adjusted level to corrected level for sequential effects as function of the ratio of the adjusted level on the current trial to the adjusted level on the previous trial (equation 1).
The resulting functions are shown in figure (2) for three knob settings. On the x-axis, a number lower than 1 represents data where level on the current trial was lower than the level on the previous trial, and a number greater than 1 represents data where level of the current trial was greater than that on the previous trial. Similarly on the y-axis, a number lower than 1 represents a trial on which the listener's judgment was reduced by the sequential effect, and a number higher than 1 represents trials where the listener's judgment was biased in the opposite direction. The systematic relationship between change in stimulus level between trials, and sequential effects they produce is consistent with the hypothesis of neural attention bands proposed by Green, Luce, and their colleagues. The knob settings produced different magnitudes of sequential effects; and therefore, one might expect different shapes for the function describing the magnitude of sequential effect as function of the change in stimulus level for the three knob settings. However, as seen in figure (2) , the shape of the function does not differ for the three knob settings, although there is more variability on both the x and y axes as the exponent increases.
FIGURE 2. The magnitude of the sequential effects as function of change in level from previous trial to the current trial shows similar shape as the attention band hypothesis of Green, Luce, and colleagues. It is worth noting that the shape or the magnitude of the attention bands here does not change for the three exponents controlling the knob function, even though the magnitude of the overall sequential effects systematically differed for the three knob functions.
Neural Adaptation to Stimulus Level Statistics
The auditory system in humans is able to accurately represent level information over a wide range, approximately 120 dB, while maintaining finer details that allow discrimination of changes in level at resolution close to 1 dB. A majority of the auditory nerve fibers show a neural dynamic range close to only 35 dB, and this limited coding ability of auditory nerve fibers represents a problem for neurophysiological correlates of intensity coding by auditory neurons, the so called 'dynamic range problem' (Viemeister, 1988) .
Adaptation is a characteristic property of sensory neurons (Adrian, 1928) and is observed at various levels of the nervous system. Neural adaptation may play a significant role in coding level information. Dean et al. (2005; 2008) studied adaptation to stimulus levels in neurons in inferior colliculus (IC) of guinea pigs. They showed that neurons of IC adapt to mean, variance, and other distribution statistics of the stimulus level in order to achieve accuracy in neural coding of stimulus level over large dynamic range. Findings of Dean et al. (2005) have been considered to have lessened the 'dynamic range problem,' since such adaptation to stimulus level statistics may provide accurate information of stimulus levels over a wide range of levels. In a following report, Dean et al. (2008) described temporal properties of the neural adaptation to level in IC neurons. They recorded spikes of neurons in IC as a function of level that changed rapidly for bimodal stimulus-level distributions. They reported that a large component of the neural adaptation occurred rapidly with a time constant of 160 ms after an increase in stimulus level. This observed time course was independent of both the timescale over which the sound levels varied and that over which the sound level distribution varied. However, it was related to the stimulus frequency. Another component of their finding was slow adaptation (34% neurons), which occurred over a timescale of several seconds. They also reported that adaptation to an increase in mean levels occurs rapidly while adaptation to a decrease in mean level occurred more slowly (Dean et al., 2008) . Wen et al. (2009) reported a smaller magnitude of adaptation to stimulus level statistics in auditory nerve fibers, providing more evidence that neural adaptation plays a role in intensity coding in the auditory system.
The analysis presented here to assess the existence of attention band shows characteristics in our loudness scaling data which are similar to the characteristics observed for the adaptation of neurons in IC to the stimulus level statistics. Per figure (2), when level of the current trial was fairly close to the level on the previous trial (ratio close to 1), listeners' loudness judgments were over-estimated. This is analogous to the findings that neurons in IC adapted to the stimulus levels with increase in neural samples. Loudness is believed to be product function of the overall neural excitation produced, and therefore an increase in neural representation will lead to greater loudness values. According to Dean et al. (2005; 2008) , neurons adapted rapidly to an increase in sound levels, but showed slow adaptation to a decrease in sound levels. In other words, the neural sample size was greater when the level was increased than when decreased. Similar characteristics are seen in our data. In figure (2) , smaller values on the xaxis correspond to smaller values on the y-axis. These results suggest that when level on the current trial was lower than level on the previous trial, listeners tended to underestimate loudness when making a judgment. If size of the neural sample (or the overall excitation) determines the loudness, then with a decrease in level from the previous trial, resulting in a smaller neural sample, will also lead to less loudness. Ward (1990) used tones with different frequencies in the ME experiment, and found that sequential effects depended largely on the frequency separation between the current tone and the previous tone. He found sequential effects only on trials when a tone on the previous trial fell within the same critical band of the tone on the current trial. He interpreted results in terms of frequency selectivity of the attention bands. Dean et al. (2008) reported that the adaptation of the neurons in IC depended on the frequency of the signal on the current trial, when stimuli included frequencies over a large range.
Here we point out similarities between the attention band theory that arose from behavioral data and the recent findings of adaptation of neurons in IC to stimulus level statistics. Further investigations will include assessment of attention bands in the loudness scaling data with different methods of loudness scaling, such as ME and categorical loudness scaling. If the results from other scaling methods support the existence of attention bands of intensity, these results will provide an interesting step forward for understanding neural coding of intensity in the auditory system.
